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A Kinase to Remember: Minireview
Dual Roles for MAP Kinase
in Long-Term Memory
Jon M. Kornhauser and Michael E. Greenberg the transcription factor cyclic AMP regulatory element-
binding protein (CREB) in mice, Drosophila, and AplysiaDivision of Neuroscience
Children's Hospital leads to the disruption of transcription-dependent long-
term memory without affecting short-term memoryand Department of Neurobiology
Harvard Medical School (Frank and Greenberg, 1994).
While identification of molecules that mediate long-Boston, Massachusetts 02115
term memory represents a significant advance, many
questions remain to be addressed. Our current under-When an experience is encoded into a long-lasting
standing of the mechanisms by which neuronal activitymemory, it is believed that specific sets of neurons in
regulates CAM and CREB function is incomplete. It alsothe brain of the animal undergo changes including the
remains unclear how the down-regulation of CAM andstrengthening of preexisting synapses and the growth
the induction of CREB-dependent gene expression actand maintenance of new synaptic connections. These
together to orchestrate long-lasting changes in synapticactivity-dependent synaptic changes appear to require
function. However, two papers in this issue of Neuronthe coordination of a variety of cellular processes in
provide important new information about the signalspatially separated cellular locations. Among these are
transduction pathways that control long-lasting synap-structural changes at synapses and alterations in gene
tic facilitation in Aplysia and implicate the mitogen-acti-expression within the nucleus. Whereas the establish-
vated protein (MAP) kinase in this process.ment of short-term memory has been found to depend
Long-Term Facilitation in Aplysiaon the modification of preexisting cellular proteins, long-
One of the best characterized models of synaptic plas-term memory requires new gene expression and the
ticity is long-term facilitation (LTF) of the connectionssynthesis of new proteins (e.g., Bailey et al., 1996). A
between sensory and motor neurons that control thegill-decade of research has revealed that important features
withdrawal reflex in Aplysia. Facilitation of this synapseof the mechanisms that control both short- and long-
contributes to the enhancement of the gill withdrawallasting changes in synaptic function are conserved
reflex, and forms the basis of a simple form of nonasso-through evolution. Studies in organisms as diverse as
ciative learning termed sensitization. Serotonin, a neuro-mollusks, insects, and mammals have shown that similar
transmitter believed to be released by interneurons ontoprotein synthesis-dependent events and conserved sig-
sensory neurons during sensitization training, modu-nal transduction pathways play critical roles in the for-
lates the synaptic connections between sensory neu-mation of long-term memories.
rons and motor neurons. Facilitation of these synapsesRecent studies inmice, the fruit fly Drosophila melano-
has been effectively studied in dissociated cell culture.gaster, and the marine snail Aplysia californica have
A single brief application of serotonin produces short-implicated specific molecules that control adhesive
term facilitation that lasts ,2 hr, whereas five repeatedinteractions at the synapse, and other molecules that
applications of serotonin produce LTF lasting 1 day orregulate transcription within the nucleus, in the forma-
longer (Montarolo et al., 1986).tion of long-term memory (Martin and Kandel, 1996).
In Aplysia, previous studies have revealed that oneThe neural cell adhesion molecule N-CAM appears to
of the intracellular signal transduction pathways thatbe a critical regulator of adhesive interactions at the
is critical for the initiation of LTF utilizes the secondsynapse. Removal of a critical carbohydrate component
messenger cyclic AMP (cAMP). cAMP signaling hasof N-CAM or the disruption of N-CAM function by tar-
been found to mediate changes at the presynaptic syn-geted mutagenesis in mice leads to a defect in long-
apse that produce short-term facilitation, and nuclearterm potentiation (LTP), a cellular model for learning
events that regulate synaptic growth and maintenanceand memory in mammals (Muller et al., 1996). Strikingly,
(Bailey et al., 1996). The effects of cAMP on LTF aremutations that affect the level of expression of the Dro-
mediated at least in part through cAMP activation ofsophila N-CAM homolog, fasciclin II, result in alterations
the cyclic AMP-dependent protein kinase (PKA), whichin synaptic growth at the neuromuscular junction
phosphorylates and activates the Aplysia CREB homo-(Schuster et al., 1996a, 1996b). Similarly, an activity-
log CREB1 within the sensory neuron nucleus. CREB1dependent enhancement of the internalization of the
phosphorylation is believed to trigger the activation ofAplysia N-CAM homolog (apCAM) is correlated with
a program of gene expression that plays a critical rolelong-term synaptic facilitation, a mechanism contribut-
in LTF. Despite the importance of PKA in the activationingto long-term memory in Aplysia (Mayford et al., 1992).
of CREB1, recent studies have led to the identificationThus, changes in cell adhesion have a role in synaptic
of other Aplysia transcriptional regulators, CREB2 andplasticity. One possible model that has emerged from
C/EBPb, that appear to play critical roles in LTF but arethe Drosophila and Aplysia studies has selective re-
not likely to be direct targets of PKA. Rather, CREB2moval or reduced expression of N-CAM resulting in neu-
and C/EBPb have consensus sites for phosphorylationrite defasciculation and the initiation of synaptic remod-
by members of the MAP kinase family. This observationeling.
led Kandel, Martin, Bailey and coworkers to considerThe function of a second mediator of long-term mem-
the possibility that the Aplysia MAP kinase might be anory has also been found to be conserved through evolu-
tion. Mutation or elimination of particular homologs of important regulator of LTF.
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the postsynaptic motor neurons. Taken together, these
findings reveal that MAP kinase is in the right place at
the right time to activate transcription factors that are
important for regulating programs of gene expression
in sensory neurons that mediate long-term plasticity.
Consistent with this possibility, the authors show that
MAP kinase activation is essential for the establishment
of LTF, but is not required for short-term facilitation.
Inhibiting MAPK function with neutralizing antibodies or
with a pharmacological inhibitor of MEK (the MAP- and
ERK-kinase, the direct activator of MAP kinase) blocked
LTF, but did not affect short-term facilitation. One obvi-
ous way that MAPK might regulate LTF is by phosphory-
lating the transcription factors CREB2 and C/EBPb,
leading to their activation.
MAP Kinase Mediates Internalization
of a Cell-Adhesion Molecule
Experimental evidence in a second paper (Bailey et al.,
1997 [this issue of Neuron]) suggests that MAP kinase
also mediates LTF by another mechanism, whereby
MAP kinase functions in the vicinity of the synapse
rather than in the nucleus. Repeated exposure of sen-
sory neurons to serotonin stimulates MAP kinase phos-
Figure 1. Three Possible Mechanisms for PKA Activation of MAP phorylation of a specific isoform of apCAM leading to
Kinase apCAM internalization and degradation, possibly by the
ubiquitinproteosome pathway. The authors hypothesize
MAP Kinase Signaling to the Nucleus in LTF that the down-regulation of apCAM leads to the disrup-
MAP kinase is a serine/threonine kinase that is a critical tion of homophilic interactions between presynaptic ax-
transducer of growth factor signaling to the nucleus in ons, facilitating their outgrowth and the subsequent for-
mammalian cells (Segal and Greenberg, 1996). Growth mation of new synapses with postsynaptic cells.
factor stimulation of the small G protein Ras leads to In this study, epitope-tagged apCAM isoforms were
the activation of a kinase cascade that results in the microinjected into Aplysia sensory neurons and their
phosphorylation of MAP kinase on critical threonine and cell-surface expression and subcellular localization were
tyrosine residues (Figure 1). These phosphorylation monitored by electron microscopic analysis. The au-
events lead to MAP kinase activation and translocation thors find that a specific isoform of apCAM, a transmem-
to the nucleus where this kinase then phosphorylates brane form that includes a cytoplasmic tail containing a
several transcription factors that control immediate known degradation signal sequence and two consensus
early gene expression. MAP kinase is believed to play sites for phosphorylation by MAP kinase, is selectively
an important role in synaptic function since it is activated internalized and degraded upon prolonged exposure
upon glutamate stimulation of Ca21 influx through the of the sensory neurons to serotonin. The cytoplasmic
N-methyl-D-aspartate (NMDA) receptor or L-type volt- domain of the transmembrane apCAM isoform was ini-
age-sensitive Ca21 channels (Bading et al., 1993; Rosen tially suggested to be important for internalization
et al., 1994). because the cell surface expression of the glycosylphos-
Kandel and colleagues now provide compelling evi- phoinositol-linked (GPI-linked) form of apCAM was
dence that MAP kinase plays a critical role in LTF and found to be unaffected when sensory neurons were ex-
have identified a novel mechanism that may explain how posed to serotonin.
MAP kinase specifically regulates LTF. In the first of two Subsequent deletion and mutagenesis of the trans-
papers (Martin et al., 1997), MAP kinase activation is membrane form of apCAM revealed that intact MAP
shown to be both associated with and necessary for kinase phosphorylation sites within the cytoplasmic do-
the establishment of long-term, but not short-term, facil- main are necessary for apCAM to become internalized
itation in Aplysia. A series of five pulses of serotonin, in response to serotonin. Although it has not yet been
which induces LTF, was found to lead to translocation shown that serotonin stimulates the phosphorylation of
of MAP kinase into the nucleus of the presynaptic cell. apCAM at the critical sites, this is likely the case since
By contrast, a single pulse of serotonin, which induces inhibition of MAP kinase by injection of an antagonist
short-term facilitation but not LTF, failed to induce the of the MAP kinase activator, MEK, into sensory neurons
translocation of MAP kinase to the nucleus. Exposure blocked the internalization and down-regulation of en-
of the sensory neurons to agents that elevate the level dogenous cellular apCAM. The demonstration that
of cAMP also caused MAP kinase activation and translo- phosphorylation by MAP kinase is required for apCAM
cation, raising the possibility that PKA may somehow down-regulation, that apCAM down-regulation is corre-
mediate MAP activation. Interestingly, in these sensory± lated with LTF, and that MAP kinase plays a critical role
motor neuron cocultures, the activation of MAP kinase in LTF, suggests that MAP kinase phosphorylation of
was specific to the presynaptic cells; addition of activa- CAMs may be a critical step in the synaptic remodeling
that is essential for LTF.tors of cAMP did not trigger MAP kinase translocation in
Minireview
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Integration of PKA and MAP Kinase Signal with this possibility, the expression of certain growth
factors in neurons have been shown to be activity de-Transduction Pathways
Given that activation of MAP kinase is critical for several pendent, and there is evidence that in Aplysia the growth
factors brain-derived neurotrophic factor (BDNF) andof the regulatory events that lead to LTF, it will be impor-
tant to establish the mechanisms by which serotonin transforming growth factor b (TGFb) can induce LTF at
sensory±motor neuron synapses (McKay and Carew,stimulates this kinase. It is likely that many of serotonin's
effects are mediated by PKA. Serotonin is well known 1996, Soc. Neurosci. abstract; Zhang et al., 1997).
Once activated, MAP kinase is likely to phosphorylateto stimulate the accumulation of cAMP and the activa-
tion of PKA. In addition, PKA is a critical mediator of a number of critical targets within the cytoplasm and nu-
cleus of Aplysia sensory neurons (Figure 2). While one ofLTF. While some of PKA's effects may be due to its
ability to directly phosphorylate CREB within the nu- these targets is likely to be the transmembrane form of
apCAM, there are likely additional MAP kinase targetscleus, there are a number of ways that PKA might also
lead to MAP kinase activation (Figure 1). These could that are also important for LTF. The observation in Aplysia
that activated MAP kinase translocates to the nucleusinvolve a recently described signaling pathway in which
PKA interacts with the small G protein Rap1, leading suggests that likely targets are transcription factors
such as CREB-2 and C/EBPb, both of which possessRap1 to interact with the kinase B-Raf, which then stimu-
lates the sequential phosphorylation of MEK and MAP consensus MAP kinase phosphorylation sites and are
known to regulate a program of gene transcription criti-kinase (Vossler et al., 1997).
Alternatively, it is known that in Aplysia sensory neu- cal for LTF.
The specific genes whose expression is regulated byrons, PKA activation leads to the phosphorylation of K1
channels causing a reduction of K1 conductance, which MAP kinase and how their protein products contribute
to LTF remain to be determined. However, an intriguingresults in the increased entry of Ca21 with each action
potential (Byrne and Kandel, 1996). Elevations of intra- possibility is that one or several of these genes play a
role in apCAM-mediated synaptic reorganization. Acellular Ca21 might then trigger MAP kinase activation
via the well-characterized Ras-dependent pathway. study in a recent issue of Cell (Hegde et al., 1997) pro-
vides support for this idea. In this paper, Schwartz andThere is recent evidence that Ca21 can stimulate the Ras
signaling pathway by multiple mechanisms (Finkbeiner colleagues demonstrate that repeated exposure of sen-
sory neurons to serotonin induces the expression of aand Greenberg, 1996). A third possibility is that PKA may
trigger MAP kinase activation indirectly via the action of ubiquitin C-terminal hydrolase that plays an important
role in proteolytic events that are critical for LTF. Ana growth factor(s). For example, serotonin stimulation
of the sensory neuron could induce the production and/ intriguing possibility that remains to be investigated is
that MAP kinase and CREB mediate serotonin inductionor release of a growth factor, which might then act back
on the sensory neuron to activate MAP kinase via the of ubiquitin C-terminal hydrolase, and that the enhanced
expression of the hydrolase plays an important role inclassical growth factor receptor stimulated Ras-depen-
dent pathway (Segal and Greenberg, 1996). Consistent apCAM degradation. Thus, MAP kinase may have a dual
Figure 2. MAP Kinase Regulation of Events
at the Synapse and in the Nucleus
Within the neurite, MAP kinase may phos-
phorylate the transmembrane form of ap-
CAM, marking it for proteolytic cleavage. Be-
fore MAP kinase and PKA translocate to the
nucleus, the CREB1 activator is inactive, and
the CREB2 repressor acts to prevent tran-
scriptional activation through the CRE, pre-
venting genes regulated by the CRE from be-
ing actively transcribed.
Following MAP kinase and PKA transloca-
tion to the nucleus, the CREB2 repressor is
hypothesized to be phosphorylated by MAP
kinase, rendering it inactive; CREB1 is phos-
phorylated by PKA and possibly MAP kinase.
The active CREB complex then triggers the
transcription of immediate-early genes (IEGs).
One IEG induced during LTF encodes the
ubiquitin C-terminal hydrolase, which as a
component of the ubiquitin±proteosome sys-
tem may cause selective proteolytic cleavage
of apCAM molecules already marked by
phosphorylation. This cleavage is likely to in-
crease the internalization and degradation of
transmembrane apCAM, perhaps disrupting
homophilic interactions between neuronal
processes and relieving inhibitory constraints on neurite outgrowth and synapse formation. Another IEG induced during LTF is C/EBP, a
nuclear transcription factor that regulates transcription of late-response genes. It is hypothesized that immediate-early or late-response genes
induced during LTF encode growth factors or neurotrophins, which may act positively to induce synaptic growth and remodeling.
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role in triggering synaptic reorganization via apCAM nucleus in hippocampal pyramidal neurons. This is con-
sistent with the finding that stimuli that trigger LTP in(Figure 2). MAP kinase may first phosphorylate apCAM's
cytoplasmic tail rendering it susceptible to proteolytic the hippocampus can induce MAP kinase activity
(Thomas et al., 1994), and raises the possibility that PKAcleavage and internalization; it may also induce expres-
sion of ubiquitin C-terminal hydrolase, which, as a criti- is important for the activation of MAP kinase, which
could in turn mediate events that are critical for thecal component of the ubiquitin proteosome, could con-
trol the proteolysis and internalization of MAP kinase establishment and maintenance of LTP. Since CAMs
have already been demonstrated to play a role in thephosphorylated apCAM.
The finding that MAP kinase has a role in synaptic regulation of synaptic potentiation in Aplysia, Drosoph-
ila, and mice, it will be important to determine whetherplasticity at both the synapse and the nucleus may pro-
vide a clue about how synaptic growth, although depen- features of MAP kinase regulation of CAM expression
observed in Aplysia represent a general mechanism ofdent upon gene expression in the nucleus, can be re-
stricted to the previously active synapses on a cell. It has synaptic facilitation that is conserved through evolution.
recently been shown in the hippocampus that activity
Selected Readingat one specific synapse can mark that synapse; gene
products induced subsequently function to promote
Bading, H., Ginty, D.D., and Greenberg, M.E. (1993). Science 260,structural reorganization only at the marked, previously
181±186.
activated synapse and not at othersynapses in the same
Bailey, C.H., Bartsch, D., and Kandel, E.R. (1996). Proc. Natl. Acad.
cell (Schuman, 1997; Frey and Morris, 1997). Since MAP Sci. USA 93, 13445±13452.
kinase might phosphorylate apCAM only in the vicinity Bailey, C.H., Kaang, B.-K., Chen, M., Martin, K.C., Lim, C.-S., Ca-
of the synaptic stimulus, and the products of genes sadio, A., and Kandel, E.R. (1997). Neuron 18, this issue.
induced by MAP kinase signaling may act to down- Byrne, J.H., and Kandel, E.R. (1996). J. Neurosci. 16, 425±435.
regulate only those apCAMs already phosphorylated, Finkbeiner, S., and Greenberg, M.E. (1996). Neuron 16, 233±236.
this could provide one mechanistic basis for synapse- Frank, D.A., and Greenberg, M.E. (1994). Cell 79, 5±8.
specific remodeling. Because PKA has also been shown
Frey, U., and Morris, R.G. (1997). Nature 385, 533±536.
to both phosphorylate targets at the synapse and trans-
Hegde, A.N., Inokuchi, K., Pei, W., Casadio, A., Ghirardi, M., Chain,
locate to thenucleus, PKA signaling might act in a similar D.G., Martin, K.C., Kandel, E.R., and Schwartz, J.H. (1997). Cell 89,
manner to mark recently active synapses for modifica- 115±126.
tion. It is possible that multiple signaling pathways that Martin, K.C., and Kandel, E.R. (1996). Neuron 17, 567±570.
are important for synaptic plasticity make use of this Martin, K.C., Michael, D., Rose, J.C., Barad, M., Casadio, A., Zhu,
same general strategy to target specific synapses for H., and Kandel, E.R. (1997). Neuron 18, this issue.
strengthening. Mayford, M., Barzilai, A., Keller, F., Schacher, S., and Kandel, E.R.
The Role of CAM Phosphorylation (1992). Science 256, 638±644.
in Synaptic Reorganization Montarolo, P.G., Goelet, P., Castellucci, V.F., Morgan, J., Kandel,
E.R., and Schacher, S. (1986). Science 234, 1249±1254.The selective down-regulation of the transmembrane
apCAM isoform has been proposed to remove inhibitory Muller, D., Wang, C., Skibo, G., Toni, N., Cremer, H., Calaora, V.,
Rougon, G., and Kiss, J.Z. (1996). Neuron 17, 413±422.constraints on neuronal outgrowth by promoting the
Rosen, L.B., Ginty, D.D., Weber, M.J., and Greenberg, M.E. (1994).disassembly of adhesive contacts between sensory
Neuron 12, 1207±1221.neuron processesthat normally inhibit growth. However,
Schuman, E.M. (1997). Neuron 18, 339±342.any role that the internalization of the transmembrane
Schuster, C.M., Davis, G.W., Fetter, R.D., and Goodman, C.S.form of apCAM plays in the relief of inhibitory constraints
(1996a). Neuron 17, 641±654.on synaptic reorganization must be reconciled with the
Schuster, C.M., Davis, G.W., Fetter, R.D., and Goodman, C.S.continued presence of the GPI-linked form of apCAM.
(1996b). Neuron 17, 655±667.Clearly, the ratio of transmembrane to GPI-linked ap-
Segal, R.A., and Greenberg, M.E. (1996). Annu. Rev. Neurosci. 19,CAM may be important. One interesting idea raised by
463±489.
Kandel and colleagues is that the spatial distributions
Thomas, K.L., Laroche, S., Errington, M.L., Bliss, T.V.P., and Hunt,of the transmembrane and GPI-linked isoforms may be
S.P. (1994). Neuron 13, 737±745.
distinct, with the transmembrane form localized to the
Vossler, M.R., Yao, H., York, R.D., Pan, M.-G., Rim, C.S., and Stork,
neurite processes that mediate homophilic interactions, P.J.S. (1997). Cell 89, 73±82.
and the GPI-linked form localized to the synaptic region Zhang, F., Endo, S., Cleary, L.J., Eskin, A., and Byrne, J.H. (1997).
that mediates heterophilic (sensory to motor neuron) Science 275, 1318±1320.
interactions. If this were the case, the selective removal
of the transmembrane form would alter the relative levels
of the two apCAM isoforms in favor of the GPI-linked
form, thereby promoting outgrowth and association with
the postsynaptic neuron.
These new findings in Aplysia may have important
implications for other organisms including insects and
mammals. Although MAP kinase has not yet been shown
to be critical for learning and memory in vertebrates,
Martin et al. (1997) demonstrate that exposure of hippo-
campal slices to forskolin, an activator of adenylate cy-
clase, leads to MAP kinase phosphorylation within the
